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“Since such a guide is lost, what other now,

Deserving to succeed, can take the reins?

Or should the stars rebel, who can restore

Them to their course, and bind with closer ties

Their wandering ways?...”

— Jeremiah Horrox

Abstract

The formation and evolution of the central regions of barred galaxies are the sub-

ject of significant ongoing study. Research has indicated that the morphology and

kinematics of stellar populations are dependent on their age. Simulations suggest

that this dependence occurs because populations are separated by the bar. Popula-

tions with varying radial velocity dispersions evolve differently in the presence of a

growing bar, a process termed kinematic fractionation.

Using star-forming simulations of barred galaxies which undergo kinematic frac-

tionation, we have reproduced the observed trends of metal-rich and metal-poor

Milky Way bulge main-sequence stars observed with the Hubble Space Telescope.

The old and young stellar populations in the models were born before and after the

bar, respectively. As each population traces varying bulge structures with different

bar strengths, their kinematics project onto distinct observed motions as seen from

the heliocentric perspective. The predictions from these models allow us to propose

follow-up observations to test the kinematics of differently-aged populations in fields

away from the bulge minor axis.

To trace structures in the Milky Way using stellar ages, we explore new data

from the Gaia satellite. We define and characterise a clean sample of Mira variables

using data-motivated cuts on their relative frequency error and variability amplitude,

maximising their separation from SRVs. Mira candidates were found to follow the

expected trends of age in their spatial and kinematic distributions when separated

by variability period. However, we determined that a larger sample of Miras is

iii



needed to better constrain the Milky Way bar. Nevertheless, we were also able to

characterise the effects of the large variability amplitude of Miras on astrometric

and photometric solutions within Gaia, allowing us to make recommendations for

future study and observation of these stars.

We have identified barred galaxies in the TNG50 cosmological simulation and

defined a method based on kinematics to find those which form a box/peanut bulge.

By studying the evolutionary history of bar and box/peanut strength, we can deter-

mine their formation epoch. This method is also able to distinguish between box/-

peanut bulges formed through strong buckling or those which form through slower

resonance heating or weak buckling. Our results show that TNG50 reproduces a

similar dependence of box/peanut fraction with stellar mass but does not have as

high a fraction at high mass. However, in TNG50, we find the same characteristic

upturn to higher fractions of box/peanuts from low mass to high mass.

Having a large self-consistent sample of barred galaxies from TNG50, we study

kinematic fractionation in a fully cosmological context. We find that the spatial

distribution of kinematic quantities of populations in the bar, such as the in-plane

anisotropy, can trace the bar strength as measured by the density of that population.

We also find that populations within the bar of the galaxy retain the dynamical mem-

ory of the bar formation epoch. Studying box/peanut bulges in TNG50 galaxies, we

find the separation of the density bimodality increases as a function of decreasing

age.
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3.8 Top left-hand panel: the positions of the six fields of interest within

the model’s bulge from the heliocentric perspective. The coloured

squares correspond to the sizes used in our simulated fields to capture

enough star particles. Black contours follow the log density of all

bulge stars. Top right-hand panel: the six fields of interest presented

in a top-down view of the model’s bulge. The bar major axis is

indicated by the dashed line. Black contours follow the log density

of all bulge stars. Bottom panel: average longitudinal proper motion

rotation curves and the separation for the fields of interest. The

field names and FOV are labelled at the top right-hand side. The

number of star particles in both populations is also listed along with

the calculated separation amplitude, ξ. . . . . . . . . . . . . . . . . 84

3.9 Projections of the galactocentric intrinsic velocities onto µl in the
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while the right-hand column shows those of the old. The top row
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velocities ⟨vR⟩ onto longitudinal proper motions. Yellow contours
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dashed lines outline distances 6 kpc, 8 kpc and 10 kpc, while the white

straight dashed lines mark longitudes between 20◦ and −20◦ in 10◦
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3.10 The contributions of galactocentric ⟨vR⟩ (dashed lines) and ⟨vϕ⟩ (dot-

ted lines) to the average longitudinal proper motion rotation curves

for young (blue lines) and old stars (red lines) for the simulated Field
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plot the sum of the two young components, the total observed ⟨µl⟩Y
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difference in ⟨µl⟩ between the young and old populations at ∼ 8 kpc.
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apparent magnitudes convolved with C18 uncertainties of σmag,Y =

0.119 and σmag,O = 0.153. Middle bottom panel: the same as above

but with both populations convolved with the width of the RC,

σmag,RC = 0.17. Bottom panel: the calculated error for each field

when applying the RC magnitude uncertainties. . . . . . . . . . . . 92

3.12 Average longitudinal proper motion rotation curve for young and old

stars, and the separation between them using magnitude bins for four

key fields in the bulge. The rotation curves and separation from the
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top right-hand of each panel. The coloured squares correspond to the
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3.13 Top panel: the radial profile of the A2 Fourier amplitude at time

t = 10 Gyr of the fiducial model and Model 2. Bottom panel: the

change in phase angle of the m = 2 mode with radius at t = 10 Gyr.

Vertical green lines indicates where A2 reaches its half maximum value

and |∆ϕ| > 10◦ for each model. Averaging these two values results

in bar radial extents of 4.85 ± 0.55 kpc and 4.80 ± 0.90 kpc for the

rescaled fiducial model and Model 2 respectively. . . . . . . . . . . . 106
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(age < 7 Gyr) and old (age > 9 Gyr) stars are represented by the blue
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been convolved with a Gaussian of width σ = 0.17 mag to represent
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3.17 Top panel: density distribution of bulge stars in Model 2. Blue and

red contours follow young and old population densities, respectively.

Middle panel: separation amplitude, ξ, for each pixel representing a

1 × 1 deg2 field. Bottom panel: model uncertainty on the separa-

tion amplitudes for each field. In the bottom two panels, the yellow

contours follow the density of all bulge stars. . . . . . . . . . . . . . 110
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as the difference in ⟨µl⟩ between the young and old populations at

∼ 8 kpc. Middle top panel: the same as above but with young and

old stars apparent magnitudes convolved with C18 uncertainties of

σmag,Y = 0.119 and σmag,O = 0.153. Middle bottom panel: the same

as above but with both populations convolved with the width of the

RC, σmag,RC = 0.17. Bottom panel: the calculated error for each field
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4.1 The period-age relations for Milky Way Mira variables from Grady

et al. (2019, red), Nikzat et al. (2022, green), Sanders et al. (2022,

blue), Trabucchi & Mowlavi (2022, magenta) and Zhang & Sanders

(2023, orange). Uncertainties in the relations have not been plotted

but can be significant (see Trabucchi & Mowlavi 2022). We use the

vertical black dashed lines later in section 4.6.2 to define relatively

young and old Miras in the Milky Way. . . . . . . . . . . . . . . . . . 114
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4.2 Epoch RP spectra of the O-rich Mira star T Aqr (top panel, pulsa-

tion period of 203 days) and the C-rich Mira star RU Vir (bottom

panel, pulsation period of 425 days) coloured by the various phases

of their pulsation cycle. The horizontal axis represents an arbitrary,

dimensionless pseudo-wavelength covering the 640 to 1100 nm wave-

length range. Image credits: ESA/Gaia/DPAC, Nami Mowlavi, Is-

abelle Lecoeur-Täıbi, Maria Süveges, Thomas Lebzelter, Francesca De

Angeli, Laurent Eyer, Dafydd Evans, Michal Pawlak, and the Gaia

CU7 Geneva and CU5 Cambridge teams. . . . . . . . . . . . . . . . . 121

4.3 Left: the distribution of ∆A, the difference between variability am-

plitudes calculated via the Fourier model (Amodel) and via standard

deviation of the FoV magnitude (σFoV
G ) (Eqn. 4.3) for LPV sources.

The vertical orange line denotes the mean difference, ⟨∆A⟩, between

amplitude metrics, and the vertical dashed orange lines denote the

region between ±5σ∆A of ⟨∆A⟩ (Eqn. 4.4). Right: the distribution

of Amodel against σFoV
G . The orange and dashed lines trace the same

regions as in the left panel. Sources with differences beyond 5σ are

plotted as magenta points. . . . . . . . . . . . . . . . . . . . . . . . . 125

4.4 Left: comparison between G-band mean magnitude measurements

for LPVs. Right: the difference between the G-band mean magnitude

measurements as a function of the FoV mean magnitude. Both panels

are coloured by the standard deviation of the FoV magnitude. . . . . 127

4.5 Left: the comparison between the square root of the signal variance

(Eqn. 4.5 labeled as Amp, and the amplitude of the model quoted in

the vari long period variable table. Right: the comparison

between the std dev mag g fov defined in the vari summary ta-

ble and model amplitude. Both panels are coloured by the mean mag g fov.129
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4.6 Comparisons between stellar variability amplitude estimates with axis

labelled by their Gaia archive entry from the vari summary and

vari long period variable tables for the Milky Way LPV sam-

ple. The std flux over mean flux refers to the square root

of the signal variance (Eqn. 4.5). All points are coloured by their

weighted mean magnitude. . . . . . . . . . . . . . . . . . . . . . . . . 130

4.7 Distributions of uncertainties of astrometric parameters as a function

of stellar variability amplitude for LPV sources in the Milky Way.

Points in each panel are coloured by their FoV mean magnitude. . . . 131

4.8 The distribution of ruwe as a function of stellar variability amplitude

for LPV sources in the Milky Way. Points are coloured by their FoV

mean magnitude. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

4.9 The 2MASS Ks-band apparent magnitudes of LPV sources in the

LMC. Variability tracks are visible and labelled following Spano et al.

(2011) and Lebzelter et al. (2023). Points are coloured by the stan-

dard deviation of the FoV magnitude (σFoV
G , variability amplitude).

The Mira track (Track C) is identifiable by the large variability am-

plitudes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.10 The 2MASS Ks-band apparent magnitudes of LPV sources in the

LMC plotted as grey points with the period-luminosity relation of

O-rich Miras from Yuan et al. (2017) plotted as the red line. Blue

points are those geometrically close to this relation (we purposefully

allow for a wider area to be captured as we refine our selection of

Miras using other methods). . . . . . . . . . . . . . . . . . . . . . . . 136
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4.11 The log relative frequency error, log(eν), as a function of log period,

log(P ), for LMC LPVs on the Mira track (Track C, left-hand panel)

and those which are not (right-hand panel). Points are coloured by

the variability amplitude, σFoV
G . The black dashed line is a linear fit

to the stars not on Track C (right-hand panel) to get the gradient of

the relation between log(eν) and log(P ) calculated to be log(eν) =

0.882 log(P ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

4.12 Left: results from KS tests for varying values of the log(eν)-log(P )

relation intercept. The dashed black line denotes the initial linear fit

to the LMC LPVs excluding Track C (right-hand panel of Fig. 4.11).

The vertical dashed magenta line shows the location of the minimum

KS statistic (D), where we find the optimal intercept to be c = −3.18.

Right: the black points show the LMC log(eν), log(P ) distribution for

all LPVs. The log(eν), log(P ) distribution for Track C are coloured

by σFoV
G . The black dashed line is a linear fit to the stars, not on

Track C. The magenta dashed line is the linear fit with optimal inter-

cept (identified in the left-hand panel, Eqn. 4.9). The magenta line

separates low-amplitude SRVs from the fundamental variables below

this line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
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4.13 The normalised distributions of variability amplitude, σFoV
G , for the

low and high relative frequency error regimes (left-hand axis, green

and red histograms, respectively) for stars on Track C in the LMC.

The mean square contingency coefficient (rϕ) calculated at each value

of σFoV
G is presented as the black line (right-hand axis). The vertical

black dashed line shows the location of the maximum value of rϕ, giv-

ing the critical amplitude. The confusion matrix between definitions

based on σFoV
G and relative frequency error for the critical amplitude

(σFoV
G = 0.282 mag.) is presented in the top right-hand corner. . . . . 142

4.14 The log relative frequency error, log(eν), as a function of log period,

log(P ), for Milky Way LPVs. Points are coloured by the variabil-

ity amplitude σFoV
G . The magenta dashed line is the log(eν)-log(P )

relation (Eqn. 4.9) derived in Section 4.5.2 for the LMC. . . . . . . . 144

4.15 The normalised distributions of variability amplitude, σFoV
G , for the

low and high relative frequency error regimes (green and red his-

tograms, respectively) for the Milky Way LPV sources. The ver-

tical black dashed line shows the critical amplitude defined from

the LMC (Section 4.5.3). The confusion matrix between definitions

based on σFoV
G and relative frequency error for the critical amplitude

(σFoV
G = 0.282 mag.) is presented in the top right-hand corner. . . . . 145
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4.16 The number density distributions of distances derived from the un-

corrected (for extinction) period-luminosity relation against distances

derived from parallax (left-hand panel), Bayesian inference of the par-

allax solution (middle panel) and Bayesian inference of the parallax

and photometry (right-hand panel). The Pearson correlation coeffi-

cients (ρ) for each combination are presented in the top right-hand

corner of each panel. The green line denotes the 1:1 relation, whereas

the dashed green lines show the 2:1 and 1:2 relations. . . . . . . . . . 147

4.17 The same as Fig. 4.16 but for distances derived from the dust cor-

rected period-luminosity relation (Eqn. 4.11). . . . . . . . . . . . . . 147

4.18 The spatial distribution in galactocentric projections of the Milky

Way Miras sample (left-hand panels) and the distribution of Milky

Way Miras with radial velocity measurements (right-hand panels).

The orange point and orange dashed lines represent the solar position

(x, y, z)⊙ = (−8.232, 0.0, 0.0). . . . . . . . . . . . . . . . . . . . . . . 149

4.19 The spatial distribution in galactocentric projections of long-period

Miras (young, left-hand panels) and short-period Miras (old, right-

hand panels). The orange point and orange dashed lines represent

the solar coordinates solar position (x, y, z)⊙ = (−8.232, 0.0, 0.0). . . . 150
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4.20 Top: a Toomre diagram of the Milky Way Miras RV sample coloured

by the period, log(P ). The black dashed lines denote the region

where |V − V⊙| = 100 km s−1 and |V − V⊙| = 180 km s−1 for the

inner and outer lines, respectively. The black dotted line defines

the region of a purer halo population with |V − V⊙| > 250 km s−1

(Koppelman & Helmi 2021). Bottom: the normalised distribution

functions (f) of periods for Galactic stellar components defined in

the Toomre diagram, the thin disc (orange), thick disc (magenta)

and halo (green lines) where the dotted line follows the pure halo

definition from above. . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.1 The distribution of stellar mass at z = 0 for all disc galaxies (disc

sample – 608 galaxies, blue line), for all galaxies in the disc sample

with bars (a2,max > 0.2, 266 galaxies, orange line) and for the galaxies

in the disc sample without bars (342 galaxies, green line) at z = 0.

The red line shows the distribution for all bars within the disc sample

with Rbar ≥ 2.6 kpc (191 galaxies, see Section 5.3). The vertical

dashed lines show the median stellar masses in each group. . . . . . . 163

5.2 Bar formation time identification for two TNG50 barred galaxies. The

horizontal green dashed line shows the a2,max threshold and the green

points show a2,max values at each timestep. The solid red line shows

log(Abar) at each step. The thick red vertical lines indicate the time

of bar formation, defined in Section 5.4. The galaxies are labelled

with their TNG50 Subhalo IDs. . . . . . . . . . . . . . . . . . . . . . 165
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5.3 Example of a buckling galaxy, Subhalo ID 574037, before, at and

after its buckling redshift, z = 0.18. Top row: stellar surface density

in the (x, z)-plane. Middle row: unsharp mask of the surface density

in the (x, z)-plane. Bottom row: smoothed h4 profiles along the bar

major axis. Columns represent, from left to right, z = 0.26, 0.18 and

0.0. The bar radius is indicated by the vertical red dashed lines. The

black dashed line shows h4 = 0 for reference. Each panel uses the cut

|y| < 0.3Rbar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5.4 h4 profiles along the bar major axis (bottom panels) for three galaxies

at z = 0: a buckled BP galaxy (left column), a galaxy with a BP

but which has no major buckling episode (middle column) and a

barred galaxy without a BP (right column). The top panels show

the stellar surface density in the (x, z) plane (vertical scale is shown

as z/Rbar). All panels are shown for |y| < 0.3Rbar. The smoothed

profiles are shown in solid red lines. The bar radius is indicated

by the vertical red dashed lines. The two deep minima detected by

the BP algorithm (blue vertical dot-dash lines) are present in the

buckling galaxy, shallower ones in the weak/non-buckling galaxy, and

the galaxy without a BP has a profile with shallow valleys. The green

horizontal lines represent the mean valley and peak h4 levels. The

galaxies are labelled with their TNG50 Subhalo IDs. . . . . . . . . . . 170
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5.5 Examples of the evolution of the h4 profiles along the bar major axis

for three representative galaxies, a BCK (left panel), WNB (middle

panel) and non-BP barred (right panel) galaxy. Time progresses up-

wards towards the darker colours, and we plot every other redshift

from z = 1.5 for clarity. We apply a constant offset to separate the

profiles vertically and every fifth time step, we label the redshift in

blue. The profiles in solid black lines are those at the time of BP

formation (Section 5.8). The galaxies are labelled with their TNG50

Subhalo IDs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

5.6 The cumulative distribution of Rbar for all barred galaxies (those with

a2,max > 0.2 but with no cut in Rbar) (brown dot-dashed line), and

BP galaxies amongst them (blue solid line). To show details at small

radius, the x-axis limit is set to ∼ 5 kpc. The vertical dashed red line

marks our bar cut, Rbar = 2.6 kpc. . . . . . . . . . . . . . . . . . . . . 172

5.7 The distribution of barred galaxy samples in the (log(M⋆/M⊙), Rbar)-

plane at z = 0, identifying BCK, WNB and non-BP galaxies. The

side panels represent cumulative distributions of the parameter on

the respective axis, with their median shown in vertical (top) and

horizontal (right) panels. We overlay in light blue circles observational

data from Erwin (2018), with a cut on log(M⋆/M⊙) ≥ 10.0 to match

the TNG50 sample (but without a cut on Rbar ≥ 2.6 kpc). For

these data, Rbar is the deprojected semi-major axis length of the bar.

For the (Erwin 2018) data, to match the TNG50 sample, we show

cumulative lines only for Rbar ≥ 2.6 kpc. The horizontal black dashed

line represents Rbar = 2.6 kpc. . . . . . . . . . . . . . . . . . . . . . . 174
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5.8 Distribution of log(M⋆/M⊙) for the BP (blue) and control (dotted

black) samples at z = 0 and for comparison, all barred galaxies with-

out BPs (orange). A good match between BP and control samples

is achieved with a two-sample KS test having p = 0.38, signifying

negligible difference in their distributions. . . . . . . . . . . . . . . . 176

5.9 The distributions of the median of B for the last five time steps,

B̃5, for the BP (blue) and non-BP samples (orange) (left axis). The

black line (right axis) shows rϕ, the ‘phi coefficient’ of Yule (1912);

Matthews (1975), a correlation coefficient between the binary classi-

fications methods, as a function of B̃5 which is used for the threshold

value of BP classification. The confusion matrix in the top right cor-

ner is a comparison of the visual and quantitative classifications using

the Bcrit (maximum rϕ) value indicated by the vertical dashed line. . . 177

5.10 BP strength B for four galaxies, one buckling, two WNB and one non-

BP galaxy. The black dashed horizontal line shows Bcrit. Green points

are those which meet our contiguity and threshold requirements for

a BP, red those which do not (Section 5.8). The blue vertical dashed

line marks tBP, the time of BP formation (by definition, the non-BP

galaxy has no BP at z = 0). The red dashed vertical line marks the

time of buckling. The redshifts where the algorithm calculates no B
value are shown by the orange points along the x axis, and we mark

B = 0 with a dotted black horizontal line. The galaxies are labelled

with their TNG50 Subhalo IDs. . . . . . . . . . . . . . . . . . . . . . 180
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5.11 Dependence of the BP fraction on stellar mass at z = 0 for the sam-

ple of 191 barred galaxies (solid blue) in A23 (their figure 1). They

split the BP population into the BCK (red) and WNB (green) popula-

tions. The fractions next to each point show the number of BP galax-

ies/number of barred galaxies in each mass bin. The blue dashed line

represents a generalized logistic regression (GLR) fit to the data for

all TNG50 BPs. The orange stars and dot dashed line represent the

logistic regression fit to the observational data of EDA23 (restricted

to bars of radius ≥ 2.6 kpc to match our selection, and limited to

the same mass range as in this paper’s barred sample). Error bars

are the 68% (1σ) confidence limits from the Wilson (1927) binomial

confidence interval. TNG50 appears to significantly under-produce

BP bulges, particularly at higher mass. . . . . . . . . . . . . . . . . . 183

6.1 The CDF of bar ages in TNG50, derived as described in Section 5.4 of

Chapter 5 (Appendix A of A23). The dashed line denotes the median

Abar while the dotted lines denote the 25th and 75th percentiles. The

earliest bars formed ∼ 11 Gyr ago at z ≈ 3. . . . . . . . . . . . . . . 190

6.2 The cumulative distribution of stellar particle ages within the bar

region of the TNG50 galaxy 414917 at z = 0. Black points denote

the mean age of each sub-population. The green vertical line indicates

the age of the bar in this galaxy. . . . . . . . . . . . . . . . . . . . . 192
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6.3 The distributions of average ages for each labeled sub-population (A-

H) of each of the 191 barred galaxies (lower panel). Each row is the

distribution of 191 sub-populations formed in the same quantile from

all of the galaxies. For example, row ‘A’ shows the spread of the

youngest 12.5% of stellar particles within the bar region of the 191

galaxies. The distribution of Abar is also shown in the upper panel

for comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

6.4 Bottom: The distribution of δτ , the difference between the time of

bar formation and its sub-populations’ (A-H) ages, for all 191 barred

galaxies. Top: The number of sub-populations for all barred galaxies

in bins of δτ ignoring their ordering (summing vertically across A-H).

Therefore the total area under the histogram is equal to 191 galaxies×
8 sub-populations = 1528. The vertical green line denotes δτ =

0, or populations born at the time of bar formation and have ages

Apop = Abar. Note that distributions are not symmetric about δτ = 0,

indicating that, on average, galaxies’ central regions are dominated by

populations older than the bar. The bins of the histogram presented

in the top panel of this figure are used in the analysis presented in

Fig. 6.17 only (see Section 6.5.2). . . . . . . . . . . . . . . . . . . . . 195

6.5 Top: the rotation curves of TNG50 barred galaxies as a function of

the radius for the 191 barred galaxies. Bottom: The gradient of the

rotation curves. Lines are coloured by the total stellar mass of each

galaxy within 10Reff . The rotation curves are largely flat between

1.5 ≤ R/Rbar ≤ 2.0 (vertical dot-dashed red lines). . . . . . . . . . . 197
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6.6 The (x, y) and (x, z) density distribution of galaxy 414917 for all star

particles (top and bottom left-hand panels) and each sub-population

(right-hand panels) A-H, labeled in the top left-hand corner of each

panel. The relative age with respect to the bar age of each sub-

population, δτ (Eqn. 6.1), is given in the lower caption of each panel.

Only stars within the bar radius, R < Rbar and |z|/Rbar < 0.5 (white

dashed lines), are included in the analysis of this work. Note the

disc beyond Rbar in the youngest sub-population (A), justifying the

measurement of bar strength within this radius. White dotted lines in

the (x, z)-projections denote the lower limits of height |z|/Rbar > 0.1

used when determining the BP density bimodality in section 6.5.2. . 200

6.7 Left: The distributions of Abar,i and the scaled Abar,i (see Eqn. 6.2) as

a function of δτ , the time delay between the time of bar formation and

that of a sub-population (see Eqn. 6.1). The solid black line shows

the median Abar,i where the dotted and dashed black lines represent

the 25th/75th and 16th/84th percentiles, respectively. The horizontal

dotted line in the lower panels donates Abar,i = 1 and a2max,i = 1.

Right: the same as the left panels but for a2max,i and the scaled

a2max,i. The vertical green line denotes δτ = 0, or populations born

at the time of bar formation and have ages Apop = Abar. . . . . . . . 202

6.8 The same as the right-hand panel of Fig. 6.7 with the values of five

random TNG50 barred galaxies overlaid. . . . . . . . . . . . . . . . 203
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6.9 The face-on polar projection of stellar surface density (left-hand columns),

average radial velocity (middle columns) and average tangential ve-

locity (right-hand columns) for sup-populations B (top rows) and H

(bottom rows) from Subhalo ID 414917. The radial and azimuthal

bins in each panel are used to calculate the m = 2 Fourier amplitude

as described in Eqn. 6.3. The panels beneath each polar projection

present the m = 2 Fourier amplitude for each quantity as a function

of radius. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

6.10 The same as Fig. 6.7 but for the distributions of a2(V
∗)max (top)

and a2(V
∗)max (bottom) for V ∗ ∈ [v∗R, v

∗
ϕ, v

∗
z ] (left, middle and right,

respectively) as a function of δτ . . . . . . . . . . . . . . . . . . . . . 207
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Chapter 1

Introduction

1.1 Galactic Structure

Early astronomers observed not only individual stars but also nebulae, which were

thought to be clouds of gas and dust within our own Milky Way Galaxy. With the

invention and development of the telescope, some such nebulae appeared to have a

spiral shape. The German philosopher Immanuel Kant first used the term ‘island

universes’ in the 18th century proposing that the Milky Way Galaxy was just one

of many ‘island universes’ scattered throughout the observable sky (Curtis 1988).

However, it wasn’t until the early 20th century that astronomers were able to confirm

the existence of other galaxies beyond our own. American astronomer Edwin Hubble

made a groundbreaking discovery that significantly changed our understanding of

the Universe. He observed these ‘spiral nebulae’ using the most powerful telescope

of his time. He discovered that they were not located in the Milky Way, as previ-

ously thought, but were indeed independent galaxies located far beyond our Galaxy

(Hubble 1929). Hubble’s work revolutionised our understanding of the cosmos and

paved the way for many more discoveries in the years to come.

Hubble began visually classifying galaxies into different morphological groups

based on several key features, constructing the Hubble sequence (Hubble 1936), a
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Figure 1.1: Hubble - de Vaucouleurs diagram for galaxy morphology featuring ellip-

ticals, lenticulars, spirals, intermediate spirals, barred spirals, and irregulars. Image

credit: Antonio Ciccolella and M. De Leo (2016).

system still used by astronomers today. Further classifications have expanded on

the Hubble sequence, such as the work of de Vaucouleurs (1959). As telescope

and computing technology developed, astronomers, citizen scientists and machine

learning algorithms have defined and characterised galaxies in considerable detail

(e.g., Masters & Galaxy Zoo Team 2020), providing insights into their formation and

evolution. The Hubble - de Vaucouleurs diagram of galaxy morphology is presented

in Fig. 1.1. There are two primary types of galaxies: ellipticals and spirals.

Elliptical galaxies (left-hand side of Fig. 1.1) are rounded in shape and lack

the distinct disc structure of spiral galaxies. They are made up of older stars and

have a sparse interstellar medium (ISM) with small amounts of cold gas. Elliptical

galaxies range in size from small dwarf galaxies to massive giants. Unlike spirals,

elliptical galaxies do not have a pattern of star formation and appear redder due to

the predominance of older stars. Ellipticals are further divided into subgroups based
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on the ellipticity of their light distribution, from elliptical (E7) to circular (E0).

Lenticular galaxies, also known as S0 galaxies, are a type of intermediate form

between spiral and elliptical galaxies. They have a central bulge like elliptical galax-

ies but also a disk of stars like spiral galaxies. Lenticular galaxies are characterised

by their lack of spiral arms and their smooth, featureless appearance.

Spiral galaxies, on the other hand, have a cold, diffuse interstellar medium of

stars, gas and dust in a disc morphology. Many have a dense central bulge region

surrounded by spiral arms that extend outward (the upper track in the right-hand

side of Fig. 1.1). The arms are dense regions populated by young stars, star-forming

gas, and dust, while a central bulge contains older stars. Spiral galaxies often have a

distinctive pattern of star formation along their spiral arms, which gives them a char-

acteristic blue colour. The classification of spiral galaxies from ‘a-d’ distinguishes

between how tightly wound their spirals are, with tightly wound spiral galaxies hav-

ing the most prominent bulge or central spherical region (a). Loosely wound spirals

have the smallest bulges (d). Spiral galaxies have three further sub-divisions: non-

barred, weakly barred and strongly barred (SA, SAB and SB, respectively). These

stellar bars are straight features through the galaxy centres that appear to rotate

as a ridged body and commonly connect with spiral features. The same subclas-

sifications of ‘a-d’ also describe the spiral windings and bulges of barred galaxies.

Examples of spiral galaxies include the Milky Way (SBbc, Gerhard 2002) and the

Andromeda galaxy (SAb de Vaucouleurs et al. 1991).

Irregular galaxies are unique in their shape and structure. They are typically the

result of galaxy interactions or the merging of multiple galaxies (Masters & Galaxy

Zoo Team 2020). They can share characteristics and features of spiral and elliptical

galaxies, but they typically do not fit their distinct regular shape. Some irregular

galaxies can have spiral features but have strongly distorted tails and warped discs.

Many can appear as disc-like structures or chaotic collections of stars and gas, often
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with clumps and pockets of intense star formation. These galaxies can come in

various sizes, from small dwarfs (including compact dwarf spheroidals) to massive

objects.

Many astronomers referred to elliptical galaxies as ‘early-type’ and spiral galax-

ies as ‘late-type’, as the assumption was that galaxies evolve from left to right or

elliptical through lenticular to spirals on the Hubble sequence1.

Subsequent work studying distant galaxies suggests that galaxy evolution does

not follow this simple sequence. Due to technological constraints, studying the very

early Universe with large statistical samples is challenging. Mortlock et al. (2013),

who used 1 188 massive (M⋆ ≥ 1010 M⊙) galaxies at redshift z > 2 from the Ultra

Deep Survey (UDS) region of the Cosmic Assembly Near-infrared Deep Extragalac-

tic Legacy Survey (CANDELS) field, showed that irregular galaxies were dominant

in the early Universe. They also found many spheroidal galaxies and negligible disc

populations. Other studies also showed an increasing fraction of irregular and inter-

acting galaxies for increasing redshift (Abraham et al. 1996; Conselice et al. 2000;

Guo et al. 2015; Huertas-Company et al. 2016). Many early disc galaxies contain

large stellar clumps (e.g., Guo et al. 2015), which may lead to misclassifications if

not resolved fully. Emerging results from the James Webb Space Telescope (JWST)

including those from the Cosmic Evolution Early Release Science (CEERS) survey

(Finkelstein et al. 2023) have found that very high mass galaxies (M⋆ ≥ 1010.5 M⊙)

have undisturbed disk-like morphologies as early as z ∼ 5 (Ferreira et al. 2023).

In the currently favoured picture of galaxy formation, present-day ellipticals

formed due to mergers between these early galaxies. Lenticular galaxies may also

be evolved spiral galaxies, whose gas has been stripped, quenching star formation.

Spiral galaxies that survive to the present epoch have typically done so with fewer

interactions and merger events, while those that do not survive have evolved away

1Although Hubble clarified that the naming conventions and the relative positions of classifica-

tions should not be interpreted as an evolutionary sequence (Hubble 1927).
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from spirals forming ellipticals and lenticulars (e.g., Schawinski et al. 2014).

1.1.1 Density Distribution of Galactic Discs

The surface density profiles of disc galaxies as a function of radius can typically be

described with a single exponential profile, i.e.:

Σ(R) = Σ0e
−R/hR , (1.1)

where Σ0 is the surface density at the galaxy centre and hR is the disc scale length

or the radius at which Σ(hR) = Σ0/e. Many disc galaxies also exhibit discs with

broken exponential functions (e.g., Erwin et al. 2008).

The vertical profiles of disc galaxies also follow similar exponential or double

exponential functions. Photometricly galactic discs appear to have two distinct

vertical components, the thin and thick discs, seen in edge-on external galaxies and

first described by Burstein (1979) and Tsikoudi (1979). The origins of the two discs

are still a matter of ongoing research. Within the ΛCDM framework (Section 1.2),

one scenario of disc formation is the ‘upside-down’ mechanism. Stars form in the

gas as it collapses into the protogalaxy and retain their vertical height distribution,

with later star formation occurring closer in the plane.

We also observe high mass stellar clumps in high redshift galaxies, which from

simulations, have been shown to strongly scatter old stars, converting in-plane mo-

tion to vertical motion, giving origin to a thick disc from an initially thin disc (Bour-

naud et al. 2009; Clarke et al. 2019; Beraldo e Silva et al. 2020). The formation of

thick discs can also have contributions from merger events.

Typically the thin disc is younger and metal-rich. In contrast, the thick disc

is older and metal-poor, allowing the discs to be defined chemically rather than

geometrically (e.g. in the Milky Way, Hayden et al. 2017). We can define the density

distributions of the thin and thick discs as first identified in the Milky Way by Yoshii
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(1982) and Gilmore & Reid (1983):

ζ(z|R) =
1 − β

2hz,thin

e−|z|/hz,thin +
β

2hz,thick

e−|z|/hz,thick , (1.2)

where hz,thin, hz,thick are the thin and thick scale heights respectively. Here, β is a

free parameter such that:

ζ(0|R) =
1 − β

2hz,thin

+
β

2hz,thick

, (1.3)

where ζ(0|R) is the mid-plane density at a given radius.

At the Solar radius of the Milky Way (R⊙ = 8.2 kpc, Bland-Hawthorn & Gerhard

2016), the thin disc has a scale height of hz,thin ≈ 0.3 kpc, whereas the thick disc

has a scale height of hz,thick ≈ 0.9 kpc and both discs having a scale length of

hR = 2.5±0.4 kpc (Bland-Hawthorn & Gerhard 2016). However, Bovy et al. (2012)

showed that scale lengths and heights, as measured by mono-abundance populations,

change as a function of age. Older populations have larger scale heights and smaller

scale lengths.

1.2 Formation of Disc Galaxies in ΛCDM

Considering the formation of galaxies, we concentrate on the ΛCDM model of cos-

mology. Also commonly referred to as the standard model of cosmology, ΛCDM

has three major components: dark energy (Λ), cold dark matter (CDM) and ‘ordi-

nary’ (baryonic) matter whilst assuming that general relativity is the correct theory

of gravity on cosmological scales (Faber & Gallagher 1979). Several observations

suggest that our Universe is geometrically flat and dominated by dark matter and

dark energy accounting for about ∼ 95% of the energy density (Planck Collabora-

tion et al. 2020). Standard model particles, baryons, make up for the remaining

∼ 5% (Planck Collaboration et al. 2020). The ΛCDM framework assumes that dark

matter is cold, with negligible random motions when decoupled from other matter
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and is collisionless. Dark energy drives the accelerated expansion of the Universe

(Lonappan et al. 2018).

Several space-based missions, such as the Cosmic Background Explorer (COBE,

Smoot et al. 1990), RELIKT-1 (Klypin et al. 1992), the Wilkinson Microwave

Anisotropy Probe (WMAP, Bennett et al. 2003), and the more recent Planck satel-

lite (Planck Collaboration et al. 2020), have detected subtle fluctuations in the den-

sity and temperature of the cosmic microwave background. For example, although

the cosmic microwave background appears nearly uniform in all directions, temper-

ature variations of order ∼ 1 in 105 or RMS ≈ 20 µK was measured by Planck. If

the cosmic microwave background were perfectly uniform, there would be no galax-

ies, which we do observe. On even larger scales, galaxies form in clusters and Mpc

sheet-like structures, separated by voids containing few galaxies (Geller & Huchra

1989). Looking for the origin of these observed structures, we theorise that the

Universe began in a hot, dense, nearly uniform state approximately ≈ 13.8 Gyr ago

(Freedman 2021). The large-scale variations in the cosmic microwave background

were born from tiny quantum fluctuations in the Universe’s initial state, which were

‘inflated’.

The Universe was dominated by radiation in its early stage (Karttunen et al.

2017). As a result, baryonic matter, which interacts with electromagnetism, could

not cool; however, dark matter could begin to collapse under gravity forming the

seeds of halos and filaments (the ‘cosmic web’) into which the baryons could later

fall. The Universe was expanding rapidly and therefore cooling, allowing for the

formation of protons and neutrons and primordial elements (Big Bang nucleosyn-

thesis), which were fully ionised into nuclei and free electrons again due to the high

temperature. As the Universe cooled, small quantities of deuterium, helium and

lithium nuclei were created. Finally, 0.5 Gyr after the Big Bang, the Universe be-

came cool enough for the nuclei to capture negatively charged electrons, forming
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neutral atoms.

This baryonic matter then began collapsing under the gravity of its own mass

and that of dark matter, which had already generated dense regions and voids which

funnelled this primordial gas, creating the first generation of stars and protogalaxies.

Galaxies then form in groups and clusters, creating the large structures observed

today, often called hierarchical structure formation (e.g., Lacey & Cole 1993).

The ΛCDM model is able to reproduce the observed large-scale distribution of

galaxies, clusters, voids (Springel et al. 2006), and when fit to the cosmic microwave

background (Planck Collaboration et al. 2020, and following works by the collab-

oration). It also consistent with the observed abundances of primordial elements

across these large structures. However, considering individual galaxies, the highly

nonlinear mechanisms of baryonic physics, gas heating and cooling, star formation

and feedback add further complications.

For disc galaxies specifically, in the early stages of formation, gas collects under

gravity at a high temperature embedded in a dark matter halo; these gas coronae

begin to cool and collapse into the potential well forming a protogalaxy (Ferreras

2019). The gas experiences external torques, and the cooling process is isotropic

(angular momentum is conserved when collapsing), thus rotating and flattening the

protogalaxy into a disc as it contracts. Once sufficient density is reached, star

formation begins in the central regions, building an early central stellar mass. Star

formation then continues in the gas at larger radii and higher angular momentum,

which develops into a stellar disc at later times, a process referred to as inside-out

formation (Kepner 1999; Nelson et al. 2012; Patel et al. 2013). Older stars, therefore,

are typically formed close to the galactic centre and the outer disc is comprised of

younger stars. The accretion of gas and stars through merger events and interactions

also drives disc growth through hierarchical assembly, (e.g. Martel & Richard 2020).
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1.3 Chemical Evolution

Observationally, the ages of stars are challenging to determine. One of the most

common proxies for stellar age is their chemical abundance. We describe here an

overview of how different elements are generated in the Universe.

1.3.1 Big Bang Nucleosynthesis

The early Universe was hot enough for protons and neutrons to transform into each

other easily, and their abundance ratio was determined only by their relative masses

with one neutron to seven protons (though some neutrons decay into protons). Once

the Universe cooled enough, the neutrons quickly bound with equal protons to form

molecular hydrogen (2H), then helium-4 (4He), resulting in a Universe that is ∼ 74%

H and ∼ 24% He by mass (Steigman 2007).

In the first twenty minutes after the Big Bang, when the temperature and density

of the Universe were high enough to allow nuclear fusion to occur, the fusion of

protons and neutrons formed the lightest elements, such as hydrogen, helium, and

lithium. As a result, primordial nucleosynthesis is responsible for the formation

of most of the Universe’s helium as the isotope helium-4 (4He), along with small

amounts of the hydrogen isotope deuterium (2H), helium-3 (3He), and a minimal

amount of the lithium isotope lithium-7 (7Li) (Steigman 2007). Elements heavier

than lithium are subsequently formed as a product of stellar evolution.

1.3.2 Elemental Abundance

We can track the chemical enrichment of stars through metallicity, defined as the

logarithmic ratio of the mass fraction of iron (Fe) to hydrogen (H). We can also

define the chemical abundance of any two elements (i, j) using the Sun as a reference
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following Eqn. 1.4 where Ni is the number of atoms of an element i per unit volume:

[i/j] = log10

(
Ni

Nj

)

⋆

− log10

(
Ni

Nj

)

⊙
. (1.4)

Here ⋆ is a given star’s abundance, and ⊙ refers to the Solar abundance. For

example, the Solar iron to hydrogen ratio, log10(NFe/NH)⊙ = −2.752 (Asplund

et al. 2009) and therefore, stars with [Fe/H] > 0 have a higher abundance of iron

than the Sun, and we would consider them to be ‘metal-rich’. Thus ‘metal-poor’

stars with [Fe/H] < 0 are those with metallicity below the Solar abundance.

We can also consider the ratios of iron abundance to α-elements2 so-called as

they have isotopes that are integer multiples of the mass of a helium nucleus, the α-

particle. The stable α-elements are C, O, Ne, Mg, Si and S. Commonly, the chemical

space studied in galaxies is the [O/Fe]-[Fe/H] (α-Fe) plane.

1.3.3 Stellar Nucleosynthesis

The first generation of stars was born in the primordial gas without any contami-

nating elements heavier than lithium, referred to in the literature as population III

stars (Heger & Woosley 2002)3. Observations of such stars have not been achieved

to date but are postulated to have stellar masses hundreds of times that of the Sun

(Schlaufman et al. 2018). These stars begin stellar nucleosynthesis by fusing hydro-

gen into helium and then into heavier elements up to iron. Many theoretical stellar

models show that most high-mass stars rapidly exhaust their fuel (see Table 1.1)

and explode in extremely energetic supernovae, synthesising even heavier elements.

Such explosions disseminate their material into the surrounding (ISM), enriching the

gas with heavier elements to be integrated into later generations of stars. This rapid

destruction of population III stars suggests that none of them would be observable

2The α-alpha process elements: 16O, 20Ne, 24Mg, 28Si, 32S, 36Ar, 40Ca, 44Ti, 48Cr, 52Fe, and

56Ni of which many are unstable isotopes.
3In discussing populations of stars, we adopt the naming conventions of Baade (1944).
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by the current epoch since most are theorised to form at masses ∼ 20 − 130 M⊙

(Umeda & Nomoto 2003).

Population II are stars with a relatively low abundance of elements heavier than

helium (low metallicity) and are so-called metal-poor (Caputo 1998). This gen-

eration was still formed during the early Universe and is commonly found in old

structures such as the Milky Way stellar halo. The central bulge of the Milky Way

also contains population II stars, though they are slightly younger and thus are less

metal-poor (e.g., Reggiani et al. 2020). Globular clusters are comprised entirely of

population II stars (van Albada & Baker 1973; Caputo 1998). Despite the lower

metallicity, they often have higher proportions of α-elements relative to iron than

younger stars.

Population I stars are metal-rich with the highest metallicities and are found in

regions of current active star formation, such as the spirals of disc galaxies (Kart-

tunen et al. 2017). These population descriptions provide broad categories for gen-

erations of stars but are not necessarily discrete; therefore, their definitions overlap.

1.3.4 Stellar Evolution

The fate of a star’s evolution is determined by its mass. Low-mass stars form slowly

and fall onto the stable main-sequence (core hydrogen burning), where they can

remain there for several Gyr (the timescales of stellar evolution for different masses

are summarised in Table 1.1). Once hydrogen fuel in the core is exhausted, stars

begin burning hydrogen in their outer layers and evolve into the Giant phase, where

they expand their outer layers but their cores contract. Giant (post-main-sequence)

stars eject the material in their outer layers as high-energy stellar winds driven

by radiation pressure, releasing mass back into the ISM (Karttunen et al. 2017).

Intermediate mass stars (2.3 ≤ M/ M⊙ ≤ 8) have a central temperature which is

high enough to fuse helium. Once the central helium fuel runs out, outer layers of
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helium and hydrogen can burn in shells. However, in low- and intermediate-mass

stars, shell burning produces radiation pressure in the loosely bound outer layers

causing them to expand, forming a planetary nebula. What remains is a carbon-

oxygen white dwarf i.e. the stellar core.

High-mass (> 9 M⊙) stars form rapidly and only remain on the main-sequence

for ∼ 10Myr. High-mass stars can ignite carbon or oxygen fusion in their cores and,

in some cases, destabilise the star causing a supernova. The most massive stars

(> 15 M⊙) can fuse elements up to iron in shells. As fuel runs out in the core, it

no longer has sufficient pressure to prevent collapse and implodes. The star’s outer

layers explode in a supernova, leaving behind the stellar core.

1.3.4.1 Final Stages

Stellar cores with masses lower than the Chandrasekhar mass (MCh = 1.4 M⊙,

Chandrasekhar 1935) will exhaust all of their fuel and become a white dwarf, no

longer fusing material and thermally radiating heat away to cool and contract. This

is typically the fate of low-mass stars after the outer layers create a planetary nebula.

If such low-mass cores are part of a close binary system, the white dwarf can accrete

material from its companion and increase its mass. If a white dwarf accretes mass,

it will heat as it approaches the Chandrasekhar limit until it reaches the ignition

temperature for carbon fusion. Then, the white dwarf undergoes a runaway reaction

and unbinds the star in a supernova explosion, named a type Ia supernova. The

spectra of such supernovae typically present strong singly ionised silicon (Si II)

emission lines (Hillebrandt & Niemeyer 2000). The fact that the spectra of Type

I supernovae are hydrogen poor is consistent with the fact that low-mass white

dwarves have almost no hydrogen.

If a stellar core has a mass larger than the Chandrasekhar limit but lower than

the Oppenheimer-Volkoff mass (MOV = 2.0 M⊙, Oppenheimer & Volkoff 1939),
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its final stable state is a stellar core which is entirely degenerate, i.e. a neutron

star. The most massive stellar cores above the Oppenheimer-Volkoff mass overcome

degeneracy pressure and nuclear forces that support the neutron star and continue

collapsing to form a black hole. The rapid implosion of core collapse also removes

pressure support of the star’s outer layers causing it to collapse and heat rapidly.

The collapse is reversed by neutron degeneracy, and the energy of outwards force is

sufficient to disrupt outer layers and accelerate them, forming a supernova explosion.

In addition, the exceptionally high temperatures and pressures allow for a brief

period of high-energy fusion, producing elements heavier than iron. Named type II

supernovae, they are distinguished from other types of supernovae by the presence

of hydrogen in their spectra from the outer regions of the star (Doggett & Branch

1985).

Type Ia supernovae occur in all classifications of galaxies and therefore do not

occur in specific populations of stars. However, type II supernovae are not observed

in elliptical galaxies and originate from high-mass stars, which rapidly evolve and

therefore are coincident with population I stars in the active star-forming regions of

galaxies. This distinction adds different timescales and abundances to the enrich-

ment of chemical elements in galaxies.

1.3.5 Age Metallicity Relations

The combined effects of stellar winds and supernovae act to increase the abundance

of heavier elements in each generation of stars. Young populations of stars have

higher metallicities and lower α-abundance, with the opposite being true for old

stars. We, therefore, expect chemical abundance to correlate with stellar ages pro-

ducing an age-metallicity relation (AMR) and follow similar distributions within a

galaxy.

Various methods exist for determining estimates of the ages of stars, each with its
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Figure 1.2: Edge-on and face-on distribution maps of the stellar surface density

(top left-hand panel), average age (top right-hand panel), ⟨[Fe/H]⟩ (bottom left-

hand panel) and ⟨[O/Fe]⟩ (bottom right-hand panel) of a star-forming simulation

739HF after 10 Gyr of evolution, presented as simulation M1 c b in Fiteni et al.

(2021). The white contours follow isophotes of log density.
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